In an effort to find the mechanism by which gamma irradiation weakens the unconfined compressive strength of Climax Stock quartz monzonite (CSQM), sections of rock which had been irradiated and loaded to near failure were studied by scanning electron microscopy and compared to sections of rock which had been loaded but not irradiated. The quantities measured and compared were numbers and lengths of microfractures in the rock. We found that the crack parameters depended neither on irradiation treatment nor even on stress history, except in one sample which actually failed. By comparison to cracks counted in other granites by other workers, the crack statistics on CSQM are much noisier and much less indicative of stress history. CSQM is structurally more heterogeneous than the other granites, which is probably the cause of the greater noise level.
INTRODUCTION
In an exploratory experiment Durham (1982) found that massive doses of gamma irradiation apparently degraded the unconfined compressive strength of Climax Stock quartz monzonite (CSQM) by approximately 20%. Since the Climax Stock has recently housed an experimental nuclear waste storage facility, known as the Spent Fuel Test-Climax (SFT-C) (Ramspott et al. 1979) , there is some interest in establishing the veracity and understanding the cause of this degrading effect. Accepting that brittle failure in rocks is intimately related to the creation and growth of microfractures, a difference in the failure strength of two rock populations might be expected to be reflected in the pre-fallure characteristics of the microstructure of the rocks. In this study, we test this expectation by measuring the crack density of irradiated and non-irradiated CSQM which has been loaded to > 90% of the mean failure strength of the irradiated material. There is strong evidence that in granitic rocks loaded to such levels in both the confined and unconfined situations, microfractures which are visible to the scanning electron microscope (SEM) will begin to form even though the rock has not ultimately failed (Sprunt and Brace, 1974; Hadley, 1976; Tapponnier and Brace, 1976; Kranz, 1979; Sano et al., 1981) . If the failure strength of CSQM is lowered 20% by gamma irradiation, then one would expect that following the loading treatment the irradiated rock will have a higher crack density than the non-irradiated rock. DISCLAIMER
PROCEDURES
Ten test cylinders of CSQM measuring 25.4 mm in diameter and 63.5 mm in length were prepared in the same manner as the earlier samples (Durham, 1982) . The ends of the cylinders were ground flat and were parallel to ± 0.08 mm, compared with ± 0.005 mm in the case of the earlier samples. The source of the material was a 152-mm-diameter core fror* hole U15.01-TCH# 1 taken horizontally into the mine wall near the site of SFT-C. Note that the material used in the earlier study came from the site of Heater Test 1, roughly 75 m away at the same horizontal level.
Five of the samples were gamma-irradiated and five samples were held for control. The treatment of the two groups was kept as similar as possible to that of analogous groups in the earlier study. The total dose to the Q irradiated samples was approximately 10 MGy (10 rads) or roughly six times the maximum total dose to rock at SFT-C.
The mechanical testing hardware and its arrangement in the column was the same as in the tests conducted by Durham (1982) approximately seven to eight months earlier, except that the displacement of the loading piston was halted when the congressional stress on the samples reached 150 ± 1 MPa. Once at 150 HPa, the piston position was held constant for 60 s, during which time the load did not change within the 1 MPa resolution of the data record. After 60 s the load was released. The ten samples were tested in an alternating sequence: non-irradiated, irradiated, non-irradiated, etc. None of the ten samples failed in the tests, an improbable result given that five of the samples had strengths of 164 ± 35 MPa (1 s.d.), based on the earlier study.
(The most probable result was that one or two of the five irradiated samples would fail.) Therefore, the test was repeated on two samples from each group, with the maximum load increased to 180 MPa. This time one sample from each group failed, one of them (non-1rradiated) as a result of an accidental rapid overloading which demolished the sample- Table 1 summarizes the results.
SEM sections were cut perpendicular to the cylinder axis at approximately the mid-plane of each sample. Presumably, the cracks which developer' under load were predominantly "vertical", i.e. with normals perpendicular to the loading direction, {Tapponier and Brace, 1976) so the "horizontal" section thus sampled should provide the best view of these cracks.
The preparation technique for the SEM specimens was the same as that described by Weed and Durham (1982) . Fresh cracks in the samples were counted from SEM photographs by the method outlined in Weed and Durham (1982) . Fresh and old cracks were distinguished on the basis of the criteria defined by Weed and Durham (1982) . The SEM photomicrography was conducted in two phases. In the first phase, one diametrical traverse (called pass A) was taken on each section using the same detector, signal (a mix of backscattered, BSE, and secondary electrons, SE), and specimen tilt angle (30 ) as Weed and Durham used. In the second phase, two additional traverses (called passes B and C)
were made on each section parallel to and 2 mm on either side of the original traverse. The detector used in the second phase was a recently acquired solid-state backscattered electron quadrupole detector that has a much greater collection efficiency for BSE and therefore reveals cracks in better contrast. In the second phase, therefore, the signal observed was based solely on reflected electrons from the incident beam and the section was oriented at a 0° angle of tilt, normal to the incident electron beam.
Hereafter, we will refer to the signals used in the first and second phases as B5E/SE and BSE, respectively. The two types of images are compared in Figures   1 and 2, Presentation of Results. Table 2 gives the results for Young's modulus (E)
for the ten runs. Note the good agreement of repeat measurements on samples 1-4. The range of values of E-j and E, (defined in Table 2 ) is approximately the same as found on earlier samples by Durham (1982) .
Therefore we can conclude that the calibration of the load on the sample did not change significantly from the earlier study. In particular, we can be confident that the lower load (nominally 150 HPa) applied to the ten samples tested here was approximately 90% and 75%, respectively, of the mean strengths of irradiated and non-irradiated samples as measured by Durham (1982) .
Results of the crack counting are given by sample in Table 3 and by radiation/stress treatment in Table 4 . The crack parameters listed are the same as those in Weed and Durham (1982) : number of fresh cracks observed per unit area, average length of fresh cracks, and average total length per unit area of fresh cracks. Results in both tables are broken down by pass. In pass A, a total of 432 fresh cracks were identified in 80 micrographs; in pass B, 236 in 59 micrographs; and in pass C, 272 in 68 micrographs. The total surface area of rock photographed and quantified was about 8 mm . Crack counting results are also given in Table 4 for a virgin sample from the center of a 150-mm diameter core taken along side a canister emplacement hole at SFT-C. It has been examined previously for cracks, being the least disturbed of the six samples examined by Weed and Durham (1982) , so also provides a study-to-study comparison of results. Crack counting results for this sample from the Weed and Durham study also are given in Table 4 . Raw data for individual cracks are available from the authors. Table 5 ). By the comparison illustrated in Table 5 , standard deviations for crack density in Westerly granite are typically less than half the mean values (Tapponnier and Brace, 1976 ) and for crack length in Barre granite are about 603! of the mean values (Kranz, 1979) .
A more meaningful, though less quantitative, measure of noise conies from classifying the data by pass for a given sample. Passes B and C were essentially identical in technique, operator, time taken, etc., differing only in that they were 4 mm apart, yet give crack densities across a given sample which can vary by as much as a factor of two (Table 3) . While systematiclimitations exist with the technique, as discussed in the next paragraph, the cause here is clearly inhomogeneity of the rock. Petrographically, CSQM is strongly heterogeneous on the millimeter size scale (Fig. 3) . Most of the rock is composed of grain sizes ranging from 0.25 to 2 mm, but the rock is populated irregularly by quartz phenocrysts (about 10% by volume) typically 5 mm across and by potassium feldspar phenocrysts (about 5% by volume) up to 150 mm long. Westerly granite, on the other hand, is finer-grained [0.25 to 1 nun) and petrographically more uniform than CSQM and as a result may be less prone to noise in crack distributions (Table 5) . Comparison of unconfined failure strength statistics for CSQM and other granites is striking. For Westerly the unconfined failure strength is 230 + 10 MPa (Byerlee, 1969) . Kranz and Scholz (1977) indicate that the unconfined strength of Barre granite is ^20 ± TO MPa (although they give no raw data). The scatter in unconfined strength of Oshima granite is clearly less than ± 5% based on eight test results published by Sano et al. (1981) . For unirradiated, unconfined CSQM, the failure strength is 204 + 33 MPa, based on 12 measurements by Durham (1982) . Brace et al. (1972) . SEM was used for observation in all studies and most "counting" micrographs were taken at 30O-500x magnification (only Sprunt and Brace (1974) counted at higher magnificat ion).
Practical SEM resolution limits are comparable in all studies.
CONCLUSIONS
The experimental data of this study provide no support for the hypothesis that stressed, irradiated CSQM is more cracked than stressed, non-irradiated CSQM, either at stress difference (a) = 150 MPa (lines 3 and 4 of Table 4), o = 180 MPa (lines 1 and 2), or with combined statistics (lines 5 and 6).
The lack of difference is not necessarily due to the lack of an effect of gamma irradiation on unconfined strength, however, since the CSQM stressed below failure in this study, irradiated or otherwise, does not show a measurable change in its crack structure with respect to unstressed CSQM. If the effect of gamma irradiation on failure strength (o^) is real, it will not be observed in the nricrocrack structure unless samples are loaded to even higher levels than used here. Such an experiment is probably not practical 
